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In marine-archaeological oak timbers of the Mary Rose large
amounts of reduced sulfur compounds abound in lignin-rich parts
such as the middle lamella between the cell walls, mostly as thiols
and disulfides, whereas iron sulfides and elemental sulfur occur in
separate particles. Synchrotron-based x-ray microspectroscopy
was used to reveal this environmentally significant accumulation
of organosulfur compounds in waterlogged wood. The total con-
centration of sulfur in reduced forms is ~1 mass % throughout the
timbers, whereas iron fluctuates up to several mass %. Conserva-
tion methods are being developed aiming to control acid-forming
oxidation processes by removing the reactive iron sulfides and
stabilizing the organosulfur compounds.

organosulfur | waterlogged wood | iron sulfides | conservation | marine
archaeology

he Mary Rose served successfully for 35 years as a principal

warship in Henry VIII’s navy. In 1545, while maneuvering to
engage a French fleet outside Portsmouth, she unexpectedly
went down in 14 m of water with disastrous loss of life; only
30-40 survived of ~400. The wreck was rediscovered in 1971,
and underwater excavations showed that approximately one-
third of the hull remained (1-3). Most of the starboard side and
parts of the decks had survived deeply embedded in soft yielding
clay. In the strong tidal flows, the hull had served as a silt trap,
contributing to the well-preserved condition of ~19,000 recov-
ered objects. After the port side had eroded away, weakened by
wood-boring organisms, a hard gray shelly layer of compacted
clay was formed, effectively protecting the remaining timbers (1,
3). The hull was salvaged in 1982.

Sulfur in Marine-Archaeological Wood

Recent reports reveal that tons of reduced sulfur compounds
unexpectedly had accumulated in the timbers of the almost intact
hull of the 17th-century Swedish warship Vasa during its 333
years on the seabed in Stockholm harbor (refs. 4-8; see also
references within ref. 6). The sulfur slowly oxidizes forming
sulfuric acid, which if left untreated would eventually degrade
the cellulose fibers by acid hydrolysis and reduce the mechanical
stability of the hull timbers. Further analyses show that accu-
mulation of reduced sulfur compounds is common in wooden
shipwrecks preserved in seawater (9).

How serious a problem could this discovery be for the Mary
Rose? Preconservation examinations of the waterlogged oak
timbers established a decayed outer zone and a relatively sound
inner core. To prevent shrinkage and cracking, a nonvolatile
substance must replace the internal water before drying the
wood. Polyethylene glycol (PEG) spray treatment, a conserva-
tion method developed for the Vasa (10), was started in late 1994
by recycling 30 m* of aqueous solution of PEG 200. The low
average molecular mass [~200 with » = 4 for
H(OCH,CH,),OH] facilitates penetration into the wood. The
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spray treatment will continue for ~5 further years, starting in
2006 with a solution of PEG 2000 to provide higher stability and
make the outer decayed zone less hygroscopic after slow con-
trolled air-drying in the final stage (3).

Sulfur and Iron Analyses

Oak wood cores (0.4 X 15-20 cm) were sampled from four hull
timbers and from pinewood (Fig. 1), by means of a manual
increment borer. The total sulfur and iron concentrations in the
dried wood were determined by several methods, x-ray photo-
electron spectroscopy (5, 11), x-ray fluorescence line scans, and
elemental analyses (9). For further details, see Supporting Text
and Figs. 7-12, which are published as supporting information on
the PNAS web site. In all cores the sulfur concentration varies
between ~0.4 and 2 mass % S throughout the timbers (Figs. 2
and 12). The analyses signify a substantial amount, at least 2 tons
of sulfur, in the hull of ~280 tons (3). The distribution is much
more uniform than that in the Vasa, where bacterial degradation
(12, 13) of the surface layers (=~1-2 cm) seems to be required for
a high accumulation of both sulfur and iron (6-9). The iron
concentration in the wood of the Mary Rose fluctuates consid-
erably, from <0.1 mass % in light-colored wood to several mass
% close to cracks, bolt holes, or in degraded “black oak™ (Figs.
2 and 12), without the close correspondence between sulfur and
iron profiles as often found for the Vasa.

For in situ determination of the characteristic sulfur species
present in the wood, we recorded sulfur K-edge x-ray absorption
near-edge structure (XANES) spectra for cores 1a, 2, and 3 at
Stanford Synchrotron Radiation Laboratory (SSRL), using
beamline 6-2 dedicated to sulfur spectroscopy for natural sam-
ples in atmospheric helium pressure (14-16). Normalized
XANES spectra of sections along the oak cores are shown in
Figs. 3 and 7. Principal component analysis (17) of the spectra
indicates at least six significant sulfur components, with mostly
four types of reduced species contributing to the major peak at
2,473 eV (1 eV = 1.602 X 10719 J). Curve fitting with XANES
spectra of standard compounds (15-18) quantitatively reveals
thiols (R-SH), disulfides (R-SS—R’ with a characteristic double-
peak), and elemental sulfur (Sg) in all samples and in core 2 also
pyrite (FeS,) in sharply varying amount (Fig. 4 and Table 1). The
minor peak, visible at 2,482.4 eV throughout core 1a (magazine-
stored oak) that corresponds to =~5% of the sulfur oxidized to
sulfate (SO "), is absent for core 2 from hull timber under spray
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Fig. 1. Isometric of the Mary Rose hull showing the main constructional
features, excluding decks, internal structures, and fittings. Dimensions: stem
to bow, 40.9 m; breadth, 11.7 m. Sample positions are indicated for oak cores
2-4 (cores 1a, 1b, and 5 are from magazine-stored timbers).

treatment. In all XANES spectra sulfoxides [R>SO or R(SO)R’]
with a peak at =~2,476 eV (19) can be discerned as a minor
component, a few percent of the total sulfur amount.

The energy scale of the sulfur x-ray absorption features was
calibrated by assigning the first peak position of sodium thio-
sulfate, Na>S,055H0, to 2,472.02 eV (14). By careful appraisal
of appropriate standard spectra, in particular for the overlapping
reduced forms that to some extent correlate in the fitting
procedure (for peak energies see Supporting Text), we estimate
approximately £10% error limits in the reported value for the
relative amount of the sulfur species.

Samples also were taken from a salt-infested gunshield after
conservation (Fig. 4d), originally covered with segmented iron
plates that corroded away. Elemental analyses showed high
total sulfur and iron content in the samples, up to 10 mass %
S and 5 mass % Fe. The XANES fitting was consistent with
approximately one-third of the sulfur remaining in reduced
forms, mainly as pyrite. X-ray powder diffraction (XPD)
confirmed pyrite and traces of mackinawite (FegSy), together
with the hydrated iron sulfates, rozenite (Fe''fSO44H,0) and
melanterite (Fe'SO47H,0] and also some natrojarosite
[NaFe'5(SO4)2(OH)g]. Two years later, XPD showed that all
reduced sulfur in the samples had oxidized to sulfates, mainly
rozenite (see The Role of Iron, below).

Results from multielement analyses by x-ray photoelectron
spectroscopy on core 1b are shown in Table 2 and Fig. 5. The
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Fig. 2. Total sulfur and iron in mass % from x-ray fluorescence line scan (9)
along oak core 2 from a hull rider (cf. Fig. 1).
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Fig. 3. Normalized sulfur K-edge XANES spectra (SSRL) from sections of oak
cores from surface (0 mm) and inwards. (a) Core 1a: oak beam, magazine
stored in airtight wrap. (b) Core 2: hull rider under PEG treatment. The major
peak at 2,473 eV originates from reduced sulfur species (thiols R-SH, disulfides
R-SS-R’, elemental sulfur Sg, and pyrite FeS). The minor peak at 2,482.4 eV
(core 1a) corresponds to oxidized sulfur in sulfate.

boron (~0.2 mass %) found at all depths indicates efficient
penetration of boric acid, B(OH)s (4-7), from a fungicide
treatment before magazine storage (3). The two distinct x-ray
photoelectron spectroscopy sulfur 2p peaks represent high and
low oxidation states, and in addition curve fitting (Fig. 10)
confirms sulfoxide as a minor intermediate. Large variations
occur along the core in the carbon and oxygen concentrations
with an inverse correlation (high C corresponds to low O; cf.
Table 2) also shown in the relative sizes of the two C;s peaks at
285.0 and 286.5 eV (Fig. 11), which mainly correspond to CH,
(lignin) and C-O (cellulose) groups, respectively. The lignin to
cellulose ratio increases for wood with bacterially degraded
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Fig. 4. XANES evaluation of sulfur species by fitting linear combinations of
standard spectra. (a) Core 1a (0-5 mm): 1, disulfides R-SS-R’ 31 atom % S; 2,
thiols R-SH 23%); 3, elemental sulfur Sg 36%; 4, sulfoxide R,SO [or R(SO)R'] 4%;
5, sulfate 50121_ 6%. (b) Core 2 (15-17 mm): 1, R-SS-R’ 29%; 2, R-SH 18%); 3, Sg
35%; 4, RSO 5%; 6, pyrite FeS; 13%. (cand d) Wooden remains of a gun shield
from the Mary Rose with salt formation on the surface (see photo, d): 3, Sg6%;
5, sulfate 63% (standard: melanterite FeSO47H,0); 6, FeS; 26%; 7, sulfonate
R-SO3 5%.

Sandstrom et al.

Table 1. XANES analysis of the relative amount of sulfur species
at various depths in oak core 2 from hull timber

Depth, mm FeS, Sg R-SH RSSR’ R2SO
16 12 35 18 29 6
56 0 a7 20 27 6
78 19 31 11 33 6

114 22 26 13 33 6

133 0 36 24 35 5

The total sulfur concentration varies from 0.5 to ~1.5 mass % S along the
core with iron fluctuating up to ~1 mass % (Fig. 2). The amount of oxidized
S(VI) species is negligible (no peak at ~2,483 eV in Fig. 3b).

cellulose (12, 13), and the variations indicate that pockets or
zones of decayed wood extend throughout the Mary Rose timbers
and facilitated penetration in the waterlogged wood consistent
with the relatively uniform sulfur concentration profiles (Figs. 2
and 12).

Formation of Sulfur Compounds

The near anoxic environment that slows down degradation of
waterlogged wood normally occurs at or below the seafloor,
where bacteria metabolizing organic debris reduce sulfate ions to
hydrogen sulfide, H,S (13, 20). Evidently, dissolved hydrogen
sulfide penetrates and reacts to solid reduced sulfur compounds
within the waterlogged wood in amounts depending on the state
of wood degradation, the concentration of hydrogen sulfide, and
also iron(II) ions from corroding iron. This conclusion is illus-
trated by the distribution of sulfur compounds in wood from
shipwrecks preserved under different conditions. In the Vasa the
bacterially degraded surface layer shows high accumulation that
in several cases exceeds 10 mass % S and Fe (4-8); in the Mary
Rose all analyzed cores, except for the iron-rich gun shield, show
a fairly uniform concentration at ~1 mass % S while iron
fluctuates, and core samples from the Bremen Cog from 1380 are
very low both in sulfur and iron, <0.2 mass % (9). Around the
exposed hull of the Vasa the increasingly polluted brackish water
in the Stockholm harbor occasionally reached very high con-
centrations of hydrogen sulfide for centuries before the salvage
(8); the Mary Rose timbers were covered by clay restricting the
circulation of the anoxic seawater (1-3), whereas the Bremen Cog
was preserved covered by clay in river water, which has low
sulfate concentration and consequently low bacterial production
of hydrogen sulfide (9). The iron and sulfur concentration
profiles, obtained by high-resolution x-ray fluorescence line
scans along cores, often follow each other closely for the Vasa (8,
9), indicating that initially iron sulfides were formed when
dissolved hydrogen sulfide and iron(II) ions penetrated the
exposed waterlogged wood.

One important issue for stable conservation is how accessible
and reactive the sulfur compounds are to acid-producing oxida-
tion in an aerobic environment. Therefore, we examined thin
wood slices (a few micrometers) cut with razor blades perpen-
dicular to the cell walls by scanning x-ray absorption microspec-
troscopy (SXM) at beamline ID21 of the European Synchrotron
Radiation Facility (21, 22). The SXM microprobe, operated
under low-grade vacuum to avoid the strong air absorption,
enabled mapping of sulfur species with a spectral resolution of
0.5 eV over sample areas up to 100 X 100 wm at high spatial
resolution, ~0.5 um. Raster scanning of the sample in the
focused beam was performed at energies of characteristic sulfur
XANES resonances, ~2,473 and 2,483 eV, to obtain the distri-
butions of reduced and oxidized sulfur species, respectively.

The SXM images obtained of oak wood from hull timber at the
x-ray energy 2,473 eV consistently reveal reduced sulfur species
in high concentration in lignin-rich parts, especially in the middle
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Table 2. Multielement x-ray photoelectron spectroscopy analyses of core 1b and a surface

sample from the gunshield

Depth,
mm Total S S reduced* Sulfoxide Sulfate Fe C o] B
7.5 0.78 0.68 (87%) 0.04 0.05 0.20 27.2 6.4 0.17
10 0.66 0.56 (85%) 0.03 0.08 0.19 27.1 6.8 0.19
15 0.89 0.77 (87 %) 0.05 0.07 0.17 26.0 7.5 0.18
33 0.81 0.71 (88%) 0.05 0.05 0.06 26.6 7.2 0.14
34 0.74 0.66 (89%) 0.03 0.05 0.18 31.7 2.3 0.05
45 0.70 0.60 (86%) 0.06 0.04 0.21 30.0 4.0 0.12
60 0.64 0.58 (89%) 0.04 0.05 — 244 100 0.13
75 0.64 0.51 (80%) 0.05 0.08 0.28 26.5 7.5 0.14
89 0.69 0.63 (91%) 0.07 0.03 0.02 232 1.0 0.19
92.5 0.77 0.49 (61%) 0.12 0.16 0.4 26.8 7.0 0.07
99 0.68 0.59 (87%) 0.05 0.05 0.14 23.5 10.1 0.11
104 0.65 0.50 (77%) 0.07 0.08 0.51 29.8 4.0 0.09
112 0.72 0.54 (67 %) 0.08 0.09 0.34 28.2 5.6 0.11
144 0.80 0.70 (87%) 0.03 0.07 — 23.8 10.3 0.26
Gunshield 35 0.60 (17%) 0.07 2.8 2.8 163 132 —

Values are in mass %. The mass % scale was obtained by assuming two hydrogen atoms per carbon.
*Values in parentheses represent the percentage of sulfur in reduced species.

lamella between the wood cells. The lignin-reinforced walls of a
vessel in freshly salvaged oak wood even display a distinct double
layer (Fig. 6 and 8). Complementary studies by means of
scanning electron microscopy (SEM) and x-ray fluorescence
elemental analysis showed sulfur but no iron in the middle
lamella (8, 9).

The SXM microprobe also allows focused micro-XANES
spectra to be measured. Such spectra from submicrometer spots
in the middle lamella are consistent with sulfur in thiols at the
peak energy 2,473 eV, as for the unfocused SSRL XANES
spectra of higher signal-to-noise (cf. Figs. 4 and 6a, spot 2). The
high concentration of organosulfur in lignin-rich parts indicates
direct reaction of the hydrogen sulfide (or HS™ ions) with active
sites in lignin, e.g., activated double bonds (ref. 23 and references
therein) and probably also ether, carbonyl, and o-hydroxy
groups. This finding resembles the early diagenetic formation of
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Fig. 5. X-ray photoelectron spectra of oak core 1b (cf. Table 2). The vertical

lines mark binding energies in the energy range 150-210 eV of the element-
specific photoelectrons Clyp, Bis, Szp, and Sips. The mean S 2ps3;; binding
energies were 163.7 and 168.8 eV for the reduced (Sreq) and oxidized (Sox)
sulfur species, respectively. Cracks in the core correspond to increased inten-
sities of the chloride and sulfate peaks.
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organosulfur species in humic matter and carbohydrates (20,
23-27). Sulfur uptake in lignin has geochemical significance for
anoxic marine sediments, where cross-linking of thiols with S-S
bonds are proposed to build macromolecular structures within
humic substances (partly composed of lignin) and may enhance
the preservation of the organic matter (25, 27).

The Role of Iron

Corroding bolts, nails, and other objects of mild steel primarily
form soluble iron(II) ions, which can successfully compete with
organic substances for hydrogen sulfide and react to iron sulfides
(Fe S and pyrite) (24, 26, 28). The XANES spectra indicate that
in the waterlogged wood, in addition to the thiols and disulfides
in lignin-rich parts, pyrite (Table 1) and other iron sulfides form
when iron(II) ions can penetrate (Figs. 3 and 4). Micro-XANES
sulfur spectra of particles in wood cavities (vessels and lumina)
occasionally show peaks at energies as low as ~2,470 eV (cf. Fig.
6a, spectra 1 and 3) that are characteristic of sulfides with some
amount of iron(IIl), such as pyrrhotite (Fe;4S) or greigite
(FC3S4).

Iron sulfides are known to oxidize in a humid environment (29,
30) and are probably the primary source of the acid forming in
the hygroscopic PEG impregnated marine-archaeological wood.
Thermodynamically, the stepwise oxidation process of iron
sulfides ends at sulfate and releases acid, as for pyrite (29):

FCSQ(S) + 7/202 + (n + 1)H20 —
FCSO4'7’[H20(S) + H2504(aq) [1]

Acid has continuously been washed out during the 10 years of
spraying the Mary Rose hull. To keep the pH of the recycled
conservation liquid neutral, 0.8 tons of sodium bicarbonate has
been added so far. For the Vasa, 5 tons of borax,
Na,;B40710H,O(s), was added as fungicide during 13 years of
recirculation (10); an amount sufficient to neutralize ~1.3 tons
of sulfuric acid (5, 6). The acid that has formed during the 26
years after the spray treatment was stopped in 1979, and now is
present in the Vasa’s hull timbers, is estimated to correspond to
~2 tons of sulfuric acid (4, 6-8).

Iron contamination of marine-archaeological wood is a
well-known preservation concern (3). With oxygen access to
moist PEG impregnated wood, iron compounds can catalyze
oxidation processes, e.g., oxidation of sulfides and reduced

Sandstrém et al.
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Fig.6. SXMimagesat 2,473 eV (higher reduced sulfur concentration — brighter color) and micro-XANES of oak wood from the Mary Rose. (a Upper) Hull timber

under spray treatment shows reduced sulfur accumulated in middle lamella. (Lower) The micro-XANES curves correspond to 1, bright particle; 2, middle lamella;
3, pyrrhotite 4C (Fe1.4S) as standard; and 4, pyrite FeS; as standard. (b) Freshly salvaged (in 2004) oak wood from the Mary Rose after 459 years on the seafloor.
(Left) The SXM image at 2,473 eV displays two layers of thiols in high concentration in the lignin-rich cell wall of a vessel (top right), which is a channel for water

flow in oak wood (cf. Fig. 8); the dark patches surrounded by cell walls are the lumina. (Right) The 2,483 eV image shows a few bright sulfate particles.

sulfur compounds to sulfuric acid (29, 30), but also can direct
oxidative degradation of cellulose and probably successive
degradation of the PEG polymers through formation of hy-
droxyl radicals. Practical tests of methods to dissolve and
remove iron(IIT) compounds, and at the same time neutralize
acid, are being carried out on marine-archaeological wood in
the “Preserve the Vasa” project (6, 8). Such chemical processes
are usually not compatible, because iron(III) oxyhydroxides
(rust) precipitate already at low pH from aqueous solutions.
However, derivates of the well-known chelate EDTA can be
tailored to enclose the small iron(III) ions with six efficient
donor atoms arranged in a well-fitting cage (6, 7). Such a
chelating agent is EDMA, ethylenediiminobis(2-hydroxy-4-
methyl-phenyl) acetic acid, forming particularly strong bonds
in a complex [Fe(EDMA)] -, which was developed as a water-
soluble iron micronutrient to increase productivity of citrus
tree plantations on carbonate rich alkaline soils (31). For
marine-archaeological wood, microspectroscopy (SXM, SEM)
will be useful to assess the efficiency of the iron-extraction
treatments with EDMA and to evaluate the removal of specific
sulfur compounds (SXM).

Sandstrom et al.

Long-Term Conservation Requirements

Our current working hypothesis is that, after removing or
making reactive iron species inert as oxidation catalysts, e.g., by
EDMA treatment, the remaining lignin-bonded organosulfur
could be prevented from forming acid in the marine-
archaeological wood. To exhaust the strongly acid-forming iron
sulfides more rapidly during a spray treatment period, mild
oxidation by singlet oxygen ('O,), generated by UV radiation in
the conservation liquid and carried by dissolved organic material
(30), could be tested. Also, raised temperature would accelerate
the oxidation process, although careful control of microbial
activity (especially Legionella) then must be asserted (3). How-
ever, attempts at gentle sulfur extraction or selective oxidation
by sulfur-oxidizing bacteria do not appear useful for removing
the organosulfur in the middle lamella. For the Mary Rose
timbers, the rate of further acid production will be carefully
monitored to appraise a suitable end point of the current spray
treatment.

For acid-free PEG treated marine-archaeological wooden
artifacts, a stable museum climate with small variations in

PNAS | October4,2005 | vol. 102 | no.40 | 14169
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temperature and relative humidity (preferably ~55% relative
humidity) is a primary requirement to enable long-term conser-
vation. Enclosure or coatings to reduce oxygen access also could
be considered to slow down degrading reactions. The interna-
tional “Preserve the Vasa” project, started in late 2003, aims at
developing suitable methods to neutralize the acid that may
continue to form in marine-archaeological wooden artifacts after
traditional PEG conservation treatment and to remove or
stabilize remaining sulfur and iron compounds (6).

We thank the participants in the Preserve the Vasa project for many
stimulating discussions, especially Dr. Ingmar Persson for comments
on EDMA extraction and PEG stability. We thank the European
Synchrotron Radiation Facility and SSRL for generously allocating
beamtime and Dr. Patrick Frank (SSRL) for providing an insight in
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